A global, 10-yr (February 1997-April 2006, 2-hourly dataset of atmospheric precipitable water (PW) was produced from ground-based global positioning system (GPS) measurements of zenith tropospheric delay (ZTD) at approximately 350 International Global Navigation Satellite Systems (GNSS) Service (IGS) ground stations. A total of 130 pairs of radiosonde and GPS stations are found within a 50-km distance and 100-m elevation of each other. At these stations, 14 types of radiosondes are launched and the following 3 types of humidity sensors are used: capacitive polymer, carbon hygristor, and goldbeater's skin. The PW comparison between radiosonde and GPS data reveals three types of systematic errors in the global radiosonde PW data: measurement biases of the 14 radiosonde types along with their characteristics, long-term temporal inhomogeneity, and diurnal sampling errors of once-and twice-daily radiosonde data. The capacitive polymer generally shows mean dry bias of Ϫ1.19 mm (Ϫ6.8%). However, the carbon hygristor and goldbeater's skin hygrometers have mean moist biases of 1.01 mm (3.4%) and 0.76 mm (5.4%), respectively. The protective shield over the humidity sensor boom introduced in late 2000 reduces the PW dry bias from 6.1% and 2.6% in 2000 to 3.9% and Ϫ1.14% (wet bias) in 2001 for the Vaisala RS80A and RS80H, respectively. The dry bias in Vaisala radiosondes has larger magnitudes during the day than at night, especially for RS90 and RS92, with a day-night difference of 5%-7%. The time series of monthly mean PW differences between the radiosonde and GPS are able to detect significant changes associated with known radiosonde type changes. Such changes would have a significant impact on the long-term trend estimate. Diurnal sampling errors of twice-daily radiosonde data are generally within 2%, but can be as much as 10%-15% for the once-daily soundings. In conclusion, this study demonstrates that the global GPS PW data are useful for identifying and quantifying several kinds of systematic errors in global radiosonde PW data. Several recommendations are made for future needs of global radiosonde and GPS networks and data.
Introduction
Global radiosonde data still represent an important resource for initializing numeric weather models, monitoring and understanding climate changes, conducting global and regional reanalyses, and calibrating and validating satellite data. In recent years, radiosonde data have received increased attention in climate research because the data provide the longest record (the last six decades) of upper-air temperature, humidity, and wind; have near-global coverage; and have high vertical resolution. However, the role of radiosonde data in the climate study is limited, in part, by sensor characteristics that vary substantially in time and space. This study focuses on the radiosonde humidity errors.
Global radiosonde climatic records suffer from three types of errors: systematic observational error, spatial and temporal inhomogeneity, and diurnal and spatial sampling errors. For humidity, systematic observational errors can be attributed to specific sensor limitations, such as contamination, miscalibration, time lag, or hysteresis. They can also be due to external factors, such as problems in data reporting practices or faulty ground checks. Most previous studies have been focused on Vaisala and Sippican (formally VIZ) radiosondes. The contamination dry bias in the Vaisala radiosonde data along with other errors have been found and corrected in various studies (e.g., Soden and Lanzante 1996; Zipser and Johnson 1998; Wang et al. 2002a; Turner et al. 2003; Soden et al. 2004; Nakamura et al. 2004) . Sev-eral shortcomings of the VIZ carbon hygristor humidity sensor have also been found (e.g., Wade 1994; Elliott et al. 1998; Wang et al. 2003; Wang and Young 2005) . The World Meteorological Organization (WMO) radiosonde intercomparison projects also provide insights on the performance of operational radiosondes (Nash et al. 2005) . The changes in humidity sensors at a given station introduce a discontinuity in the long-term water vapor records (cf. Angell et al. 1984; Elliott and Gaffen 1991; Elliott et al. 1998; Ross and Gaffen 1998; Soden and Schroeder 2000; Wang et al. 2001; Elliott et al. 2002) . All the past efforts primarily focused on humidity sensors of Vaisala and VIZ radiosondes. There is little known about the humidity errors of the other 9 types out of the total 14 types used in the current global radiosonde network, and their resulting impact on the long-term climate record. Because of the mixture of 14 radiosonde types and their distinct error characteristics, global radiosonde data carry the spatial inhomogeneity error. Diurnal sampling errors of once-or twice-daily radiosonde data are hard to quantify because of a lack of data with enough diurnal samples. However, substantial diurnal variations in atmospheric water vapor, both column-integrated values [i.e., precipitable water (PW)] and vertical profiles (e.g., Dai et al. 2002; Wang et al. 2002b) , have been found and could induce nonnegligible sampling errors if observations are made only a few times a day.
One important task in obtaining a homogeneous radiosonde climate record involves developing global metadata and statistical approaches to identify, record, and consequently correct known observational changes and errors (e.g., Gaffen 1993; Zurbenko et al. 1996) . Several methods developed to correct humidity observational errors in individual types of radiosondes include laboratory or physically based correction schemes (e.g., Crutcher and Eskridge 1993; Leiterer et al. 1997; Wang et al. 2002a; Ciesielski et al. 2003) , statistical approaches using comparisons with other data (e.g., Lucas and Zipser 2000; Miloshevich et al. 2001; Sharpe and Macpherson 2001; Vömel et al. 2007) , and a scaling method using independent, coincident PW data (Turner et al. 2003) . All these correction methods were developed for Vaisala and VIZ radiosondes in specific temporal and spatial domains, and so have limited applications to the global humidity dataset. There is very little knowledge on the performance of Russian MRZ/ Mars, Chinese Shang, and Indian IM-MK3 radiosondes although they are launched at 29% of the global radiosonde stations. In addition, without an independent reference instrument or dataset, these approaches cannot be validated and necessarily retain a degree of uncertainty that limits their widespread application.
The global positioning system (GPS) consists of 30 satellites in six orbit planes transmitting L-band radio signals to ground-based GPS receivers around the globe. The radio signals are delayed by the atmosphere when traveling from the satellite to the ground, referred as total delay. Atmospheric integrated water vapor (i.e., PW) can be obtained from the GPS signal delay (Bevis et al. 1992 (Bevis et al. , 1994 Rocken et al. 1993 Rocken et al. , 1997 . The International Global Navigation Satellite Systems (GNSS) Service (IGS) network includes more than 350 ground-based GPS stations around the globe. A global, 2-hourly PW dataset has been produced using the IGS zenith tropospheric delay (ZTD) products (Wang et al. 2007) . The advantages of GPS-derived PW include data available under all weather conditions, high temporal resolution (5 min to 2 hourly), high accuracy (Ͻ3 mm in PW), and long-term stability. All of these advantages make the GPS-derived PW data very appealing to identify and quantify the three types of errors in the longterm radiosonde PW data described above.
Radiosonde humidity data are often used to estimate the accuracy of GPS-derived PW (e.g., Tregoning et al. 1998; Ohtani and Naito 2000; Dai et al. 2002; Bokoye et al. 2003; Guerova et al. 2003; Li et al. 2003; Nakamura et al. 2004; Deblonde et al. 2005) . However, the PW discrepancies between radiosonde and GPS data found in these studies are often a result of errors in the radiosonde data. Most of these comparisons have only been done on short time scales from several weeks to several years and at several stations, and only briefly mention systematic errors in radiosonde data. The study of Dai et al. (2002) is the only one to quantify the diurnal sampling errors of twice-daily radiosonde data, but it is only for the United States. There have been no studies to take advantage of the long-term stability of the GPS data to identify the discontinuity of radiosonde humidity records.
The goal of this study is to use a near-global, 2-hourly, 10-yr (1997-2006 ) PW dataset constructed from ground-based GPS measurements to identify and quantify systematic errors in the global radiosonde PW data. Three kinds of systematic errors are studied: measurement biases and their characteristics for 14 types of radiosondes used in the global radiosonde network, long-term temporal inhomogeneity, and diurnal sampling errors of once-and twice-daily radiosonde data. Section 2 describes the details about the radiosonde, GPS, and matched radiosonde-GPS datasets, and discusses factors contributing to the PW differences between the radiosonde and the GPS data. Section 3 presents comparison results on three kinds of systematic errors in global radiosonde PW data. Section 4 summa-rizes main results and makes some recommendations on future needs of radiosonde and GPS data.
Data

a. Global GPS PW and radiosonde datasets
A global, 2-hourly PW dataset was produced from the ZTD derived from ground-based GPS measurements at between 80 and 268 IGS stations (see Figs. 1 and 2 in Wang et al. 2007) , increasing in time. The ZTD data are available online (see ftp://cddis.gsfc.nasa.gov/ gps/products/trop/). The GPS-derived PW is found to exhibit no systematic errors and has a RMS error of less than 3 mm based on comparisons with radiosonde, microwave radiometer (MWR), and satellite data (Wang et al. 2007 ). The dataset also contains other supplemental data, including 2-hourly surface pressure, water vapor weighted mean temperature of the atmosphere (Tm), ZTD, and zenith hydrostatic and wet delay. This dataset will be continuously updated as soon as the ZTD and other auxiliary data become available.
The Integrated Global Radiosonde Archive (IGRA) produced by the National Climatic Data Center (NCDC) is used in this study and is compiled from 11 datasets (Durre et al. 2006) . A series of rigorous quality assurance procedures have been applied to these component datasets to create a larger and more comprehensive dataset. IGRA consists of 1-4 radiosonde observations per day at more than 1500 globally distributed stations from 1938 to the present. The dataset includes pressure, temperature, geopotential height, dewpoint depression, wind direction, and wind speed at standard, surface, tropopause, and significant levels. The IGRA dataset can be obtained from the NCDC FTP Web site (online at ftp://ftp.ncdc.noaa.gov/pub/ data/igra).
The PW is calculated from the IGRA data by integrating specific humidity from the surface to the top of the sounding profile. The dewpoint depression (⌬T d ) is given in the IGRA data and is converted to specific humidity by using the following Eq. (1) [Eq. (10) in Bolton 1980] for the vapor pressure calculation and Eq. (2):
where e is vapor pressure (hPa), T d is dewpoint temperature (°C) and equals to T Ϫ ⌬T d (T is temperature in°C), q is specific humidity (kg kg Ϫ1 ), and ⑀ ϭ 0.622. An analysis was conducted on how sensitive the PW is to no data above the tropopause, 300, 500, and 700 hPa; also on missing data at the surface, 1000, and 850 hPa using global and annual mean profiles of temperature and humidity calculated from the IGRA data. The sensitivity analysis shows that the PW is sensitive to missing data at the surface, 1000, and 850 hPa; no data above 300 hPa would only introduce a dry bias of 0.61% in the PW. Therefore, for the PW calculation we required radiosonde temperature and humidity profiles to reach at least 300 hPa and have data available at the surface and at least five (four) standard pressure levels above the surface for stations below (above) 1000 hPa. As shown in Figs. 7 and 8 in Durre et al. (2006) , the vertical resolution and extent of the soundings have improved significantly over the years. By 2003, the average sounding contains 11 mandatory and 35 additional levels, and 74% of all soundings reach at least 100 hPa.
b. Matched radiosonde and GPS PW data
Global radiosonde and GPS PW data from February 1997 to April 2006 are first matched in space (both horizontally and vertically). There are a total of 130 matched pairs of stations where GPS and radiosonde stations are located within 50 km and have elevation differences less than 100 m. The geographic distribution of matched stations is displayed in Fig. 1 . During the study period, 14 types of radiosondes are used at these stations and are shown by different colors in Fig. 1 . The detailed information on the radiosonde types is given in Table 1 . RS80A, RS80H, RS90, and RS92 all belong to the Vaisala radiosonde series, in which RS80A is the oldest one and RS92 is the newest one. Note that the radiosonde type might have been changed from 1997 to 2006 at a given station. For such a case, more than one type of radiosonde is shown at the station in Fig. 1 with a slight shift in the station location, and more than one matched pair of stations is counted according to radiosonde types. As a result, the total matched pairs of stations are 169 for comparison of the 14 types of radiosondes. As of February 2006, there are 14 types of radiosondes launched in the global radiosonde network (WMO 2006) . Among them, only one type, the Swiss radiosonde (ML-SRS), is not studied here (Table 1) . After matched stations are identified, the GPS PW data within an hour of the radiosonde launch time are selected for comparison. At least 100 pairs of matched data points are required for each matched station.
There is no information on radiosonde types in the IGRA data. We first obtain the radiosonde type information from the WMO report, " Gaffen (1993) and subsequent periodical updates for the global network; IGRA metadata (available online at http://www.ncdc.noaa.gov/oa/cab/igra/index. php?nameϭmetadata); and R. Atkinson and S. Allen (2006, personal communications) for the Australian stations. Finally the time series of PW differences (IGRA minus GPS) are visually examined to look for any large and apparent jumps that do not correspond to identified radiosonde type changes and any known changes affecting the GPS PW data. The determination on the jumps is subjective. If the dates for these jumps occurred between two WMO updates, they are assumed to be correct dates of radiosonde type changes. The stations where such corrections are applied are summarized in Table 2 . Table 3 lists all stations with radiosonde type changes and the starting and ending dates of the radiosonde types used at these stations. A total of 33 stations experienced the type changes during 1997-2006; most of them consisted of two types.
After the procedure described above is implemented, a matched radiosonde and GPS PW database is produced. The comparisons presented in section 3 are made based on radiosonde types. The total number of matched stations and data points is presented in Fig. 2 for each radiosonde type. Vaisala RS80A is used in 66 matched stations, while only one matched station is found for each of Graw, RS-SDC, J/Yang, and MSS radiosondes. There are a total of 115 034 matched data points for RS80A comparison, but less than 300 for RS-SDC and Modem.
c. Factors contributing to PW differences
Several factors can contribute to the PW differences at matched stations: differences in measurement techniques, the errors of radiosonde and GPS data, and separations of radiosonde and GPS stations. Since this study is focusing on identifying systematic errors in radiosonde data, efforts have been made to minimize the contributions of all these factors except the radiosonde's systematic errors to the PW differences presented in section 3.
As illustrated in Fig. 11 of Liou et al. (2001) , groundbased GPS receivers and radiosondes sample different volumes of the atmosphere. GPS measures the atmosphere along the path from the receiver to the satellite; the delay along the path is mapped onto the zenith direction by assuming a stratified atmosphere. At stations with very high elevations, the assumption of atmospheric isotropy in the boundary layer often does not hold, resulting in errors in the GPS-estimated PW (Hagemann et al. 2003) . Radiosondes drift horizontally on an order of 20 km from the surface to 10 km, so they measure the atmosphere along the radiosonde trajectory. The PW difference due to this horizontal drift is difficult to assess since it is subject to the degree of atmospheric inhomogeneity. However, the error contributing to the differences in measurement techniques is most likely to be random for the majority of cases, so For any comparison, the data quality of either dataset can contribute to the differences. Considerable effort has been made to improve the quality of both the radiosonde and GPS data. Durre et al. (2006) has described in detail the quality-control procedures applied to the IGRA dataset. In addition, we also put some criteria on radiosonde temperature and humidity profiles presented in section 2b to minimize the contribution from radiosonde missing data and the top of the profiles. Readers should be aware of the fact that the quality control of IGRA does not include bias adjustments of any kind, including known errors in temperature and humidity measurements. A series of quality checks have been applied to the GPS-derived PW and other parameters required for derivation of PW to lessen the error in the GPS PW. For individual matched stations, we also check the GPS log files on the IGS Web site (http://igscb.jpl.nasa.gov/) for any changes in ZTD that could lead to changes in PW. The artificial ZTD changes could result from occasional changes made by individual analysis centers (ACs) in their GPS data handling (e.g., different elevation cutoff angles, revised antenna phase maps) and their ZTD estimation algorithms (e.g., new mapping functions, different constraint schemes on the analysis parameters). Such changes are reduced by combining the ZTD solutions from seven ACs.
Errors in radiosonde and GPS data can also result in PW differences between them. Wang et al. (2007) did a thorough error analysis of the GPS PW dataset and found no systematic error and the random error of less than 3 mm. The possible systematic errors in the GPS PW data are associated with elevation cutoff angles and mapping functions used for deriving ZTD. The higher elevation angle can introduce a dry bias to the derived PW. Emardson et al. (1998) show that lowering the elevation angle from 15°to 10°can increase the GPS PW by 0-2 mm. Tregoning et al. (1998) found that the bias for the elevation angle from 10°-20°is less than 1.2 mm. Note that the 15°cutoff elevation angle was used by four ACs, and 7°, 10°, and 20°angles were used by the other three ACs (Gendt 1998) . The ZTD solution we used is a combined solution of the ZTD values from all available ACs. Five out of all seven ACs use the mapping function from Niell (1996) , which is not very accurate in the Southern Hemisphere and does not include mapping function variations on time scales less than one year. Tregoning et al. (1998) show that the Neil mapping function causes a dry bias of less than 1 mm in the PW estimates. In summary, the bias in the GPS PW data due to the elevation angles and the mapping functions is less than 3 mm and varies from one site to another depending on how many AC solutions are available and which ones are used for the final combined ZTD.
Although matched radiosonde and GPS stations are within 50 km horizontally, 100 m vertically, and 1 h temporally, there might still be discrepancies as a result of station separations because of the large variability of humidity both spatially and temporally. The difference from different measurement times between the radiosonde and GPS could well be random and could be cancelled out for a large number of samples. The impact of the elevation differences between radiosonde and GPS stations is negligible because no significant correlations are found between PW and elevation dif- ferences. The horizontal separation could introduce systematic differences in PW if GPS and radiosonde stations have very different humidity structures in spite of the small distance between the two stations. Wang et al. (2006) show one example in La Jolla, California, where the radiosonde and GPS stations are only 8 km apart but the local unique feature of a strong nearsurface inversion at the radiosonde station is most likely absent at the GPS station and thus leads to a large discrepancy in PW. Gutman et al. (2004) also gave an example of a PW comparison between a radiosonde and two nearby GPS sites near Sterling, Virginia, and found that good agreement is achieved for the GPS station located downwind of the radiosonde site. To limit this kind of problem, we used Google Earth to check accurate locations for matched stations and their associated terrain for any possible effects of the horizontal separation. We found that at seven stations situated in the coastal regions, mean PW differences are two or more times their standard deviations (representing random errors), which can be qualitatively explained by their location dissimilarities. In those regions, sharp gradients exist in the meteorological parameters including PW. The location separation is considered in the following discussions of comparison results.
Comparison results
This section presents comparison results from matched radiosonde and GPS PW data at 169 stations from February 1997 to April 2006 for 14 radiosonde types ( Figs. 1 and 2 ). Note that PW difference and PW bias hereafter in the text and the figures are all defined as radiosonde PW minus GPS PW. Based on the discussions in section 2c, the GPS PW can be used as a reference for the following discussions. However, any GPS-related factor that could be attributed to the PW differences is also considered. The comparison results are organized to show systematic PW errors of the 14 radiosonde types along with their characteristics, examples of using the time series of PW differences to identify any changes (both hardware and software) affecting radiosonde humidity measurements, and finally diurnal sampling errors for once-and twice-daily radiosonde data.
a. Measurement biases and their characteristics
Mean PW differences (IGRA minus GPS) for all available data points are shown in Fig. 3 . For the seven types of radiosondes using capacitive humidity sensors (RS80A, RS80H, RS90, RS92, Modem, Meisei, and Graw), 103 out of a total of 128 stations show that, on average, the radiosonde PW is smaller than the GPS PW. Previous studies have discovered the dry bias of the Vaisala Humicap and the Meisei capacitive humidity sensor (cf. Wang et al. 2002a; Nakamura et al. 2004 ). However, a majority of stations launching radiosondes with carbon hygristors and goldbeater's skins exhibit moist biases. The moist bias in the carbon hygristor measurements was identified in Wade and Schwartz (1993) and Ciesielski et al. (2003) , and is predominantly at the low levels (below 750 hPa). The latter would result in a moist bias in PW. The moist bias in the goldbeater's skin sensor is most likely due to its slow response and the general decrease of specific humidity with height. The PW differences for the Indian radiosonde, IM-MK3, bear the largest standard deviation, while the Vaisala RS92 shows the smallest standard deviation. The standard deviation of the differences is a good representation of the radiosonde random error. Figure 3 also gives the mean and standard deviation values averaged for stations using three types of hygrometers. Averaged systematic and random errors for capacitive, carbon hygristor, and goldbeater's skin hygrometers are Ϫ1.19/1.01/0.76 and 1.74/3.63/2.08 mm, respectively. Although various factors discussed in section 2c can contribute to the PW differences, the dependence of PW differences on radiosonde type is indisputable. In addition, the biases shown in Fig. 3 for three types of radiosonde hygrometers are consistent with previous findings. We have also tested whether mean differences shown in Fig. 3 are significantly dissimilar from 0 mm using the Student's t test. The stations with statistically significant biases are labeled with small red dots in Fig. 3 ; 106 stations show significant bias.
Variations of absolute and relative PW differences with the GPS PW are shown in Figs. 4 and 5 for eight radiosonde types that are used in more than three sta- tions in our data sample (see Table 2 ). The relative difference is defined as the PW difference (IGRA Ϫ GPS) divided by the GPS PW and is expressed as percentage in Figs. 4 and 5. The PW dry bias in the RS80A data is evident for the full range of PW values (0-70 mm) and increases linearly with PW, while the relative bias stays roughly constant and is less than 10% at PW Ͼ 10 mm (Fig. 4) . The large mean and standard deviation of relative differences for the first PW interval (0-2 mm) are sometimes misleading because of very small PW values and so are not plotted in Fig. 4 . The RS80H, RS90, and RS92 exhibit similar characteristics, the pronounced dry bias for PW Ͻ 40 mm and the general increase of relative biases for the PW of ϳ5-40 mm. This is not surprising because they all use the HHumicap. The RS92 sensor seems to have the best performance with the smallest mean bias and standard deviation. The averaged moist bias of the VIZ-type radiosonde primarily occurs at PW between 15 and 60 mm and is less than 3 mm (ϳ10%; Fig. 5 ). However, the IM-MK3, which also carries the carbon hygristor, displays very different variations: a much larger moist bias at PW Ͻ 40 mm and the largest random errors (standard deviation; Fig. 5 ). The moist bias at PW Ͻ 12 mm for the IM-MK3 is enormous (larger than 50%; Fig. 5 ). The poor performance of Indian radiosondes also appears in the temperature data and shows large random errors and large heterogeneities (e.g., Elms 2003; Kuo et al. 2005; Thorne et al. 2005) . The WMO report (Elms 2003) found that the random errors of geopotential heights for the IM-MK3 were the largest for any major radiosonde type. It suggests that the performance of the IM-MK3 is very unstable. The Shang and MRZ/Mars radiosondes, both of which use goldbeater's skin, show small moist biases (Ͻ2 mm) and less consistent variations with PW (Fig. 5) .
The dry bias in the Vaisala radiosonde humidity data has been well documented by previous studies (see the summary in Häberli 2006) . A new protective shield over the humidity sensor boom was introduced to the Vaisala RS80 series and was expected to prevent the contamination dry bias (Wang et al. 2002a) . Several preliminary studies have evaluated the impact of the new sensor boom cover (Wang 2002; Nakamura et al. 2004) . Figure 6 presents the variations of the mean PW differences (IGRA minus GPS) with the GPS PW for the RS80A and RS80H radiosondes using data from 2000 and 2001. The new sensor boom cover clearly reduces the RS80A dry bias by ϳ2%; however, a dry bias of 4% in PW still remains in the RS80A data. This agrees with a few early studies (Fujiwara et al. 2003; Wang 2002; Nakamura et al. 2004) . The impact of the sensor boom cover on the RS80H radiosonde changes the dry bias to a small moist bias at PW Ͼ 20 mm (Fig.  6 ). 2001. For RS80H, the change for PW below 20 mm is generally not significant.
There have been a number of studies on the daynight differences of the radiosonde humidity bias, especially for the Vaisala Humicaps (e.g., Wang et al. 2002a ; Van Baelen et al. 2005) . The larger dry bias during daytime is primarily a result of solar radiation heating of the humidity sensor arm both prior to launch FIG. 5 . As in Fig. 4 , but for VIZ-type, Shang, MRZ/Mars, and IM-MK3 radiosondes. and during flight (Wang et al. 2002a; Vömel et al. 2007 ). Figure 7 shows comparisons for the frequency distributions of PW differences between daytime and nighttime for eight radiosonde types. The larger dry bias of the Vaisala radiosondes during daytime compared to nighttime is evident in Fig. 7 and is manifested by the shift of the center of the peak frequency without changes in the shape of the frequency distribution. Mean day-night differences are statistically significant for all eight types. The magnitude of the day-night difference is larger for the RS90 and RS92 than for the RS80A and RS80H. An aluminized plastic protective cap is installed over the RS80 humidity sensor to reduce the solar radiation heating of the Humicap and to prevent contamination by rain and ice. The RS90 and RS92 humidity sensors have two alternately heated HHumicaps without the radiation/rain shielding cap, which makes them more susceptible to solar radiation. Vömel et al. (2007) found that the average solar radiation dry bias of the Vaisala RS92 humidity sensor is on the order of 9% at the surface for solar zenith angles between 10°and 30°. During the WMO radiosonde intercomparison project in Vacoas, Mauritius, in 2005, the day-night difference of 3%-7% in Vaisala relative humidity measurements was also found in radiosonde intercomparisons, and was confirmed by the comparison with the GPS PW data collected in the project (Nash et al. 2005) . We found that the average relative PW dry bias for the RS92 is 10% and 5% during daytime and nighttime, respectively (not shown). Figure 7 also suggests that the moist bias during daytime is slightly greater than that during nighttime for the VIZtype, Shang, MRZ/Mars, and IM-MK3 sensors. Approximately normal distributions of PW differences are shown for all radiosonde types except the IM-MK3, which has a much wider distribution with more than 20% of the data points falling beyond Ϫ7.5-7.5 mm.
b. Long-term temporal inhomogeneity
The artificial temporal inhomogeneity (i.e., discontinuity) of radiosonde data introduced by changes in radiosonde types and data collecting and processing procedures has been the most serious problems for climate studies. This section is devoted to understanding temporal changes of PW differences between radiosonde and GPS at each station and to finding out whether they can be used to detect the artificial changes in radiosonde PW. Problems in the GPS data might still exist in spite of the efforts described in section 2c to identify and minimize the temporal inhomogeneity in the GPS PW data. Therefore, it is necessary to be very careful not to simply interpret the changes in time series of PW differences presented below as the temporal inhomogeneity in radiosonde data. For the time series at each station, we visually examine the time series of both PW from each dataset and their differences to discover which data contribute to the discontinuity in the PW difference. Monthly mean PW differences from February 1997 to April 2006 are calculated using all matched data points, with a requirement of at least 20 samples each month, and are presented for five stations in Fig. 8. 1) At Churchill, Manitoba, Canada, the Vaisala RS80A radiosonde has been launched from 1997 to the present. The comparison shows the consistent dry bias of less than 2 mm throughout the period, and suggests a slightly smaller dry bias starting in 2001, especially in the summer (Fig. 8) . The latter feature might be due to the effect of the contamination protective shield over the humidity sensor that was introduced for the Vaisala RS80 radiosonde in late 2000, which is consistent with the data shown in Fig. 6 . 2) Several striking features are displayed at Miami, Florida, where the VIZ-B2 and RS80H were used before and after 1 June 1998, respectively (Elliott et . 2002) . The VIZ-B2 shows a large and coherent moist bias (Ͼ3 mm) and is likely due to the moist bias of the carbon hygristor. A dry bias is present after the transition to the RS80H until 2001 and is most pronounced in 1999, which can be explained by the RS80H's dry bias. The systematic moist bias starting in 2001 for RS80H in Fig. 8 might be due to the introduction of the protective shield over the humidity sensor as shown in Fig. 6 and discussed in section 3a. 
The new digital Shang radiosonde (referred as
Shang-E) started to fly operationally in Beijing in January 2002 and uses a rod thermistor, a carbon hygristor, and a silicon pressure sensor in contrast to the bimetallic strip, goldbeater's skin, and aneroid capsule for the Shang-M. Figure 8 shows the change from the positive bias in the Shang-M data to the general negative bias in the Shang-E data. 5) At Jozefoslaw, Poland, the Vaisala RS80A was used from 1997 to 2001, the RS90 during 2001-05, and the RS92 starting in February 2006. The RS80A did not show a consistent bias during the 5-yr period, whereas the RS90 shows the systematic dry bias with a maximum in summer.
Any artificial inhomogeneity in the data can lead to inaccurate trend estimates. Figure 9 shows monthlymean PW values from the IGRA and GPS PW data at Fortaleza, Brazil. The radiosonde (WMO 82397) and GPS (FORT) stations are 22 km apart. During the 10-yr period, the Vaisala RS80A was launched at the radiosonde site, although it should be noted that the new sensor boom cover was introduced to RS80A in 2001 (see discussions in section 3a). Two datasets show very good agreement on the regular seasonal cycle of ϳ15-20 mm amplitude and the year-to-year variations. Nevertheless, monthly mean radiosonde PW values are smaller than that from the GPS PW dataset, which is consistent with the well-known dry bias for the Vaisala RS80. More importantly, the magnitude of the dry bias increases with time from less than 5 mm before 2000 to larger than 6 mm in 2005 (Fig. 9) . A conical radome was used from 1997 to 27 February 2006 at the FORT IGS station (Ray et al. 2006) . The addition of a radome produces an error in the station height, which in turn causes an error in zenith wet delay (ZWD; Ϫ0.4 times the height error) and in PW (ϳ0.15 of the ZWD error; Niell et al. 2001) . The height error of the radome at FORT is estimated to be a downward bias of ϳ16 mm (Ray et al. 2006) , which corresponds to a positive bias of about 0.96 mm in PW. Before the FORT site decommission on 8 April 2006, the radome was removed starting on 27 February 2006 in order to study the effect of the radome by comparing the data without the radome with the data from the new replacement site BRFT. Our PW comparison at FORT and BRFT from 27 February to 8 April 2006 concludes that the radome introduces a mean wet bias of 0.92 mm, which is comparable to the 0.96 mm bias estimated above from the height bias. The ϳ1-mm wet bias of the GPS PW is not enough to explain the difference between the radiosonde and GPS and its variation with time shown in Fig. 9 . Therefore, it is not clear what causes the increase of the dry bias in the radiosonde data in 2000 shown in Fig. 9 . Monthly mean PW anomalies (with a five-point running mean) from the IGRA data indicate a strong negative PW trend during this period, while the GPS PW data show a small positive trend (Fig. 10) . Although the calculated linear trend bears uncertainties because of the short data record, the discrepancy in the sign of the trend between the radiosonde and GPS data is unquestionable. This example clearly demonstrates the significant impact of artificial inhomogeneity in the climate 
c. Diurnal sampling errors
Based on WMO (2006) , 501 of the global 788 radiosonde stations launch sondes at 0000 and 1200 UTC, 137 only at 0000 UTC, 128 at 1200 UTC, and 22 more than twice daily (Fig. 11) . The stations only collecting wind data are excluded in Fig. 11 . It should be noted that the accuracy of the information presented in Fig.  11 is open to question (T. Oakley 2007, personal communication) . The majority of stations routinely launching sondes at 0000 UTC are in the Western Hemisphere, while most of the stations in South and Central America only launch sondes at 1200 UTC (Fig. 11) . The once-or twice-daily sampling is not high enough to capture the whole diurnal cycle. The impact of diurnally undersampling the atmosphere on the monthlymean climatology depends on the diurnal amplitude and phase of the studied parameter. In this section, we estimated the diurnal sampling errors of once-and twice-daily radiosonde PW data by comparing the PW seasonal means calculated from the 2-yr (2003-04) twice-daily (0100 and 1300 UTC) and once-daily (0100 or 1300 UTC) GPS PW data with those from the original 2-hourly PW data. Note that the GPS PW data are available at odd hours (0100, 0300, . . . , 2300 UTC). The 0100 and 1300 UTC GPS data are used to represent the 0000 and 1200 UTC radiosonde launch times.
The diurnal sampling error in percentage is expressed as the difference in PW divided by the seasonal mean computed from the 2-hourly data. Figure 12 shows the annual mean sampling errors at 220 stations for twice-and once-daily radiosonde data. The annual mean sampling errors are generally small (within Ϯ2%) for the twice-daily data, but can be as high as 10%-15% and have magnitudes larger than 2% at 33% of the stations for the once-daily data (Fig. 12) . The sampling errors for only the 0100 UTC data are negative at most of the global stations (75% of the stations) except in South America where the large positive biases are shown (Fig. 12) . The errors of only the 1300 UTC data are generally the opposite of those for only the 0100 UTC data, with positive biases at 69% of the stations. The general pattern for the signs of the sampling errors for the once-daily radiosonde data varies insignificantly with seasons (not shown). As shown in Fig. 12 of Wang et al. (2007) , the Darwin region has a very large PW diurnal cycle with the peak-to-peak amplitude larger than 2 mm and the minimum and maximum values at ϳ0900 and ϳ2100 LST (0100 and 1300 UTC), respectively. As a result of such a PW diurnal cycle, the soundings at 0000 and 1200 UTC would produce the negative and positive biases to the PW, respectively (Figs. 12b,c) . However, the twice-daily sounding at 0000 and 1200 UTC would capture the peak and dip in the PW, simulate the diurnal cycle well, and cause a negligible diurnal sampling error (Fig. 12a) . Because of the spatial variations of radiosonde launching times (Fig. 11 ) and diurnal sampling errors (Fig. 12) , global radiosonde PW data would have very small diurnal sampling errors in some parts of the world and systematic errors in other parts, such as the negative bias in South America where only one sounding per day at 1200 UTC is launched.
Summary and discussion
A global radiosonde PW dataset (IGRA) has been compared with a global GPS PW dataset from 1997 to 2006 by matching the data in space and time. A total 130 pairs of radiosonde and GPS stations have been found within 50 km in horizontal distance and 100 m in elevation and include 14 types of radiosondes. The GPS-derived PW is considered as a reference because of its high accuracy and long-term stability. The radiosonde/GPS PW comparisons show systematic PW errors for 14 radiosonde types, their characteristics, the temporal inhomogeneity as a result of radiosonde type and other alterations, the impact on climate trend detection, and the diurnal sampling errors. The findings are summarized below.
• Measurement biases and their characteristics.
The 14 types of radiosondes studied here employ three different types of humidity sensors: capacitive polymer, carbon hygristor, and goldbeater's skin. The stations using sondes with a capacitive sensor have a mean dry bias of 1.19 mm with a standard deviation of 1.74 mm, while those using a carbon hygristor and goldbeater's skin have a mean moist bias of less than 1 mm with a standard deviation of 2-3.7 mm. The Vaisala RS80A's PW dry bias roughly increases linearly with PW in absolute value and ϳ8% in relative value for PW Ͼ 10 mm. The dry bias for the Vaisala RS80H, RS90, and RS92 data is smaller than that for the RS80A data and primarily occurs over the PW range of ϳ5-40 mm. For the four kinds of Vaisala radiosondes, the newest version, the RS92, has the best performance. The bias variations in the VIZ- Vaisala radiosondes is larger during daytime than nighttime, and the day-night difference is more profound for the RS90 and RS92 than for the RS80A and RS80H.
• Long-term temporal inhomogeneity.
Monthly mean PW differences between the radiosonde and GPS from February 1997 to April 2006 are shown at five stations in Fig. 8 . The discontinuities associated with transitions from one radiosonde type to another can be identified in the time series. However, some of the temporal variations of PW differences cannot be explained and need to be investigated more at a later time. One example is given to show that artificial temporal inhomogeneity in the climate data record can lead to an inaccurate climate trend estimate; sometimes it can even produce a wrong sign for the climate trend.
• Diurnal sampling errors.
The diurnal sampling error for the twice-and oncedaily radiosonde data is estimated by sampling the 2-hourly GPS PW data at radiosonde launch times. The sampling error for twice-daily soundings is generally small (Ϯ2%); however, it can be as much as 10%-15% for the once-daily data. The sampling error for the 0100 UTC data is negative at most of stations, and is generally opposite to that of the 1300 UTC data. As a result of spatial variations for the radiosonde launching times and diurnal sampling errors, the magnitude and sign of the diurnal sampling errors for the actual global radiosonde data will also vary in space.
Several types of systematic errors in the global radiosonde PW data have been revealed based on comparison with the independent GPS PW data. The findings clearly demonstrate the importance of independent, redundant, and collocated observations for a single meteorological parameter for identification, quantification, and possible correction of systematic errors in the data. During this study, we also found that the following factors complicate the explanation of the differences between two instruments, and we would like to make recommendations for future needs of radiosonde and GPS PW data.
• A small spatial separation for the radiosonde and GPS stations could bring about a significant PW difference, especially in the regions where strong PW gradients exist. In the future, it is very important to collocate GPS and radiosonde stations. Such a collocation is beneficial to both GPS data processing and radiosonde data quality control. Radiosonde data can be used to derive the mapping function for the GPS data processing; GPS data are very useful for monitoring the quality of the radiosonde humidity data both in real time and in postprocessing.
• Comprehensive metadata documentation for any changes in, for example, instrumentation and data processing, are lacking for both the radiosonde and GPS data. The metadata would be very helpful in explaining the significant variations in the time series of PW differences and would help in determining which data could contribute to the changes. The comparison of the radiosonde and GPS data helps validate and quantify the impact of known instrument and related changes and identify other unknown changes. In the future, the IGS products need to be better documented by incorporating details on data characteristics, how the data were derived, and more user-friendly metadata. The metadata information for radiosondes from the various sources, such as the WMO reports (WMO 2006; Gaffen 1993 Gaffen , 1996 Schroeder 2007 ), needs to be combined to create a complete global historical radiosonde metadata source.
• This study has proven how useful the GPS PW data are for monitoring the quality of global radiosonde humidity data and, in general, for climate studies because of its high accuracy, high temporal resolution, and long-term stability. In the future, every effort should be made to continue creating the IGS ZTD product and maintaining the consistency of the ZTD data in time, including minimizing changes in both instruments and analysis methods.
• As shown in this study, two observational systems are often not enough to determine which one has the problem. The WMO radiosonde intercomparison project has shown the value of more than two radiosondes on the same balloon (Nash et al. 2005) . We suggest that any new observation network, such as the recently proposed Global Climate Observing System (GCOS) Reference Upper-Air Network (GRUAN; WMO 2007), should consider more than two independent and redundant observing systems for a single parameter.
